The capacity provisions of conventional Reinforced Concrete (RC) and Prestressed Concrete (PC) beams subjected to combined action of torsion, shear and flexure are well known and stated by international/national codes. Similar provisions lack for concrete members containing Fibre Reinforced Polymer (FRP) reinforcements. In general, there is paucity of research on the treatment of torsion combined with other stress resultants for FRP-RC/PC members. In this paper, the theoretical method proposed by the Canadian standard CSA S806 for FRP-RC/PC structures is presented. The critical issues, related to this topic, such as the appropriate strength and inclination of the diagonal struts and failure criteria are critically analyzed and addressed. In order to assess the reliability of this study a comparison between available experimental data regarding FRP-RC/PC beams subjected to combined actions and their corresponding theoretical provisions derived by the CSA S806 standard is shown. Furthermore, another approach, available in literature, which is based on the space truss model, is examined and used for comparison in order to evaluate the theoretical provisions offered by this model against the tests value of the set of the beams analyzed in this study. Based on the critical analysis of the results, it can be highlighted that the CSA method is able to conservatively predict the capacity of these beams.
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Introduction
Reinforced Concrete (RC) and Prestressed Concrete (PC) members can be subjected to torsion combined with other actions like shear and/or flexure. For conventional RC and PC structures, refined models have been developed to analyse the interaction of bending moment, shear force, and torsional moment. One of the early models developed on this topic is the one based on the skewbending approach proposed by Elfgren et al. (1974) , which is based on equilibrium considerations. It predicts the torsional capacity of the member without giving any indication about its deformations. Other semi-analytical and empirical models, some based on variable angle Space Truss Model (STM) of Rabbat and Collins (1978) , or Compression Field Theory (CFT) of Collins and Mitchell (1997) and of Rahal (2007) have been developed for torsion combined with other actions. Further models proposed by Navarra-Gregori et al. (2007) and Swamy (1962) are available in literature. Some of these methods are included in concrete design codes such as the AASHTO LRDF (2012), the ACI 318 (2011), the CSA A23.3-04 (R2010), and the Eurocode (2004). The American Bridge Code AASHTO LRDF and the Canadian Standard CSA A23.3 include a design method based on the Modified Compression Field Theory (MCFT). This method, named as General Method (GM) (Collins et al., 1996; Rahan and Collins, 1999) , accounts in a rational way how shear and torsion affect the stresses in the longitudinal steel located in the cross section. Similarly the procedure proposed by the ACI 318, is based on the thinwalled tube scheme and, space truss analogy. In all these three Code methods, the equations are suitable for designing sections subjected to shear, bending moment, axial load, and torsional moment. They are not suitable, however, for analysis of unsymmetrically reinforced sections if both flexural and torsional moments are acting.
The use of Fibre Reinforced Polymer (FRP), as an alternative to conventional steel reinforcements in concrete members is on the rise, particularly when the longterm durability of reinforced concrete structures that are built in area with aggressive environment is the main concern. Indeed FRP reinforcements show advantageous properties, compared to conventional steel reinforcements, in terms of higher strength, durability, magnetic transparency, insulation, and lightweight. Nevertheless, FRP reinforcements have some shortcomings. In fact, unlike conventional steel bars FRP materials do not display plasticity and, exhibit very low shear strength, a lower elastic modulus. In general structures with FRP reinforcements are characterized by a clear lack of ductility. Based on these considerations, the design procedures developed for conventional RC or PC cannot be directly applied to FRP-RC/PC members. It has already been shown that new design methods are necessary for FRP RC sections subjected to shear and flexure (Ascione et al., 2010; Razaqpur and Spadea, 2014; Ascione et al., 2014) . As a result, design codes and guidelines aimed at FRP-RC/PC structures ACI 440.1R (2006) These guidelines, codes and standards give specific indications for bending and shear design while in some of them there is lack of specific provisions for the design of FRP-RC/PC members subjected to combined action of torsion, bending and shear. The latter may be partly due to the belief that torsion is regarded as secondary effect and not explicitly considered in design. In reality it is not always negligible and should be considered similar to other load effects, particularly if torsional moment is necessary for satisfying the equilibrium requirements. Actually, many structural elements such as spandrel beams, eccentrically loaded bridge girders, and beams curved in plan are subjected to the effects of combined actions. Moreover, there is a paucity of sufficient experimental and theoretical analysis about the behavior and the strength of FRP-RC/PC members.
However, if FRP reinforcement has to become a credible alternative to steel reinforcement, it is necessary that designers become familiar with suitable methods for designing FRP-RC/PC structures against any action and to their combination to which they may be subjected. As stated earlier, only few researches were developed by Probaghar and Kumaran (2011), Ragab and Eisa (2013) Razaqpur et al. (2011) about FRP-RC/PC members under pure torsion and by El-Awady et al. (2013) about FRP-RC members under combined torsion and flexure.
The new edition of the Canadian Standard CSA S806 furnishes detailed equations for the analysis and design of torsion combined with other stress resultants for FRP-RC/PC members. In this paper the background to the development of the provisions provided in the Canadian Standard is described, the key parameters that govern this topic are identified and discussed and the underlying arguments for the selection of the values of these parameters for FRP-RC/PC members are presented. The accuracy of the model proposed by the Canadian Standard is checked by comparing the predicted ultimate load of a number of FRP-RC/PC members involving carbon FRP (CFRP) and aramid FRP (AFRP) as both longitudinal and transverse reinforcement with the their corresponding experimental values. Admittedly, the amount of experimental is relatively limited, but for the purpose of the preceding comparison, all usable experimental data in the open literature are used. The recorded failure loads are also compared with the corresponding ultimate load computed by using Zhou's method (1997) , which is an adaptation of the torsional design method in the Japanese Society of Civil Engineering (JSCE) concrete design standard.
It is important to emphasize at the outset that the focus of the current study is on the ultimate load, thus the statistical variability of the member material and geometric properties and their effect on ultimate loads are not germane to the study. When assessing a model's accuracy by comparing its predictions with experimental data from laboratory specimens, the specimens' material and geometric properties are known while statistical variability is reflected by the resistance factor which is obtained through reliability analysis. The results of the current study would provide the so-called model error for deriving the reliability-based resistance factor.
Theoretical Model and Basic Assumptions for RC and/or PC Members
As a prelude to the development of the design calculation procedure for FRP-RC/PC members subjected to combined actions, first the calculation method for conventional RC/PC members is briefly discussed. Design provisions for RC and PC beams subjected to combined torsion, shear and flexure actions assume that moment and axial forces acting on the cross section are resisted by normal stresses in the chords, while concomitant shear and torsion are resisted by shear flow in the walls of an equivalent hollow section. Due to different shear flows and the different strain conditions in the chords adjacent to the walls, the angle of inclination of the principal compressive stress,  will differ in each of the walls.
In the case of pure torsion, the diagonal stresses spirals around the member at a constant angle, while for zero torsion the diagonal stresses in the side walls are parallel. Furthermore, in the wall where shear stresses due to torsion and shear add, the angle  is not greatly influenced by the loading ratio. In a solid section, it is normally assumed that the shear stresses due to the shear force are resisted by the solid section while the shear stresses due to torsion are resisted by the walls of an equivalent hollow section with wall thickness, tw, and the area, Aoh, enclosed by the centerline of its walls. Thus, under the combined actions the longitudinal strains and the inclination , of the principal compressive stresses vary over the depth of the beam.
Theoretically, tw is function of the angle of inclination of the struts θ, which in turn is function of the value of v/f ' c and longitudinal strain εℓ. With v the maximum shear stresses and f ' c is the concrete compressive strength. The angle θ can be computed using strain compatibility and equilibrium requirements, but the procedure is iterative. This circumstance is not convenient in design. Consequently, some code, suggest to put Ao=0.85Aoh, where Aoh and Ao are the areas enclosed by the centerlines of the hoops and the hollow tube, respectively, which allows one to determine tw. To avoid iteration when designing a section against combined actions, the CSA A23.3 and AASHTO LRDF recommend that θ be calculated by using
where θ is expressed in degrees. Here, the longitudinal strain εℓ can be calculated by using the following expression
where Mn, Vn and Tn are the ultimate moment, shear strength and torsion at the section of interest (replaced by the factored moment, shear strength and torsion when designing), Vp is the component of the prestressing force at section opposing the applied shear force, dv is the effective depth, taken as the greater of 0.9d or 0.72h, where d is the distance from the extreme compression fibre to the centroid of tension reinforcement and h is the overall height of the member, ph is the length of the centerline of the hoop used as torsion reinforcement, Ap is the cross sectional area of the prestressed tendons, fpo is the effective stress in the prestressing tendons, Al and Ap are the total area of non-prestressed and of prestressed longitudinal reinforcement in the cross-section respectively, El and Ep are the elastic moduli of non-prestressed and of prestressed longitudinal reinforcement in the tube cross-section. Notice that Eqs. (1) and (2) allow one to compute θ as function of the rigidity of the longitudinal reinforcing and prestressing steel as well as the level of prestressing. Accordingly, one can adapt them for FRP-RC/PC members by inserting the appropriate axial rigidity of the FRP reinforcing/prestressing in Eq. (2) in lieu of that of steel. The substitution of steel rigidity by FRP rigidity is reasonable and the favourable agreement between the predicted and measured torsional strength values in this work indirectly supports the claim. However, more substantive support is provided by the work of Kanakubo and Shindo (1997) .
On the side of the beam where the shear and torsional stresses are additive the shear stress can be evaluated, for solid section where significant redistribution of the shear stress is possible, by the following expression
where b is the effective width of the section. Once the tube dimensions and θ are known, the member nominal torsional, Tn, and shear strength, Vn, can be determined according to the Standard. 
The thickness tw is assumed to be not greater than either the ratio Aoh/ph or two times the minimum clear cover to the closed transverse torsion reinforcement. (d) In the following equation to compute the torsional strength
the parameter At is replaced by the area of the FRP transverse reinforcement, AFt, and the yield strength of the transverse steel reinforcement, fyt, are replaced by 0.4 fFut, where fFut is the ultimate or rupture strength of the transverse (hoops) FRP reinforcement used for torsion. It should be mentioned that fFut is the strength of a straight FRP bar with identical size and composition as the FRP hoop. As stated before, FRP reinforcement differs from steel in a number of ways. FRP bars are transversely isotropic where the fibers are aligned along the longitudinal axis of the bar while steel is isotropic. FRP bars have a significantly higher strength and stiffness along the bar than perpendicular to the bar. FRP bars behave linear elastically up to failure and compared to steel bars they typically have much higher tensile strength, lower elastic modulus and lower ultimate strain. Therefore, in adapting the steel reinforced concrete designs methods to FRP, these characteristics of FRP and their effect on the strength of FRP reinforced members need to be recognized. It is important to point out that the fundamental space truss model that forms the basis of torsional strength equations in reinforced concrete design codes is independent of the reinforcement properties. The reinforcement properties affect the strength of the truss members and the inclination of its diagonal members, but not the truss model per se. This is the reason for the similarity of the equations used to determine the strength of FRP-RC/PC members with corresponding equations for steel reinforced members.
Analysis of FRP versus steel transverse reinforcement
When a reinforcing bar is bent in the shape of a stirrup or hoop, the axially stressed hoop will be subjected to radial compressive stress in its corner. The magnitude of this stress depends on the ratio rb/db and the magnitude of the axial stress in the bar, where rb is the radius of the bend and db is the diameter of the bar. The radial stress (σr) combined with the axial stress (σl) in the bar creates a state of biaxial stress at the bent corner. The radial stress is generally smaller than the axial stress; therefore, in the case of steel rebar, which are isotropic and ductile, the effect of radial stress is relatively small and it can be safely ignored. In the case of FRP bars, due to the smaller strength and modulus of the bar in the radial than the longitudinal (circumferential) direction and the biaxial tensile-compressive state of the stress at the bend, the bent bar fails at a lower axial load than a similar straight bar. The failure envelope for this biaxial state of stress is theoretically not only function of the geometric parameter rb/db, but also of the fiber and resin type and the bar fiber content. In the ACI 440 and in the JSCE guideline an equation is proposed to evaluate the tensile strength of the FRP bent bar. The CSA S806 adopted a safe limit for design by analyzing the results of the formula proposed by the ACI guideline against the experimental data available in literature. It is recognized that this assumption may yield a conservative estimate of the nominal torsional strength of FRP-RC/PC members, but is practically more convenient because it does not require knowledge of the hoop bend angle at the design stage.
Diagonal cracks angle, θ
An important parameter that need be determined is the angle θ, which can be calculated using Eq. (1). Since θ is given as function of the longitudinal reinforcement rigidity, it can be calculated if in Eq. (2) the steel elastic modulus, El (Ep), is replaced by the corresponding FRP elastic modulus, EF (EFp). The angle θ is known to vary depending on the beam properties and for this reason the ACI 318 allows any value of θ between 30° and 60°, but suggests θ be taken as 45° for reinforced concrete members and 37.5° for prestressed concrete members. While selecting a suitable angle when designing a steel reinforced member for torsion is justifiable because equilibrium requirements can be satisfied for any reasonable value of θ, assessing the strength of existing members requires more accurate calculation of the angle θ, for neither θ = 45° nor any other arbitrarily fixed value is likely to give an accurate estimate of the actual strength of every member. In the case of FRP reinforced members, the assumption of θ = 45° may not be appropriate even for design purposes, especially for calculating the amount of transverse reinforcement, because such an assumption treats all types of FRP reinforcement the same, irrespective of the substantial differences that exists among the mechanical properties of different types of FRP. There would be little theoretical justification for such an assumption and in certain cases it could lead to a substantial overestimation of the strength of a member.
Since Eq. (1) for computing θ accounts for the effect of the axial rigidity of the longitudinal reinforcement on the inclination of the diagonal cracks, the CSA S806 recommends this equation for computing θ to be used, but following both the ACI 318 and CSA A23.3, it also stipulates that θ may not be taken less than 30° nor greater than 60°.
Zhou's Model
The Zhou's model is based on the method of Kojima et al. (1997) and is similar to the pre-1998 ACI code approach and is only applicable to PC members. In this model Tn can be calculated by summing the contribution of the concrete, Tnc, and the contribution of the reinforcement, Tns to the torsional resistance as
According to this model the torsional failure of a FRP-RC/PC member may be initiated by rupture of transverse or longitudinal reinforcement, and torsional strength is reached whichever occurs first. Zhou adopted this method but introduced a modification factor that takes into account the difference between the FRP and steel mechanical properties. Tnc can be calculated by using
where b is the member width, ft is the tensile strength of concrete,  is the factor that take into account the effective prestress, σp is the effective prestress. k is given by:
where fb is the modulus of rupture of concrete. Tte and Ttp are computed using:
where h is the overall height of the member.
The torsional resistance provided by transverse reinforcement, Tnts, is calculated using
The torsional resistance provided by the longitudinal reinforcement, Tnls, is computed as
where Es is the modulus of elasticity of steel (200 GPa), EFt is the modulus of elasticity of the transverse reinforcements, fFul is the ultimate strengths of the FRP longitudinal reinforcement, fFut is the ultimate strengths of the FRP transverse reinforcement. Note that the angle θ is not directly considered in these equations, but is assumed to be equal to 45°.
According to Zhou's model in the case of combined torsion and bending actions it is possible to use the Swamy formula:
where Tn and Mn are the torsional and the ultimate bending strength, respectively and T0 and M0 are the pure torsional and pure bending ultimate strength of the section, respectively.
Collection of Experimental Data
Experimental data of FRP-RC and FRP-PC beams subjected to combined torsion, shear and flexure, available in literature (Zhou, 1997; Yonekura et al., 1994) , were analysed and collected in a database. The relevant geometric and material properties of the beams are given in Table  1 . The details of the mechanical properties with the experimental results are given in Table 2 . In all these tests, the beams had a rectangular cross section. The internal reinforcements used were either CFRP or AyFRP bars. 
Comparison of the Theoretical Previsions Against Experimental Data
In Table 3 , for the beams listed in Table 1 and in Table  2 , the experimental failure load, Pexp, and its corresponding theoretical value, Pth, computed according the two methods analyzed are given for each beam. For the CSA S806 method the angle of inclination  is shown in the table, while it's omitted for the Zhou's model since it is assume =45 o . Moreover, for all the beams the mean value of the ratio Pexp/Pth, its standard deviation and coefficient of variation are also given. When calculating the ultimate capacity of each beam by either method, the material resistance factors were set equal to one. In the case of the Zhou's model the mean value of the ratio Pexp/Pth is 0.95, with a standard deviation of 0.33 while the corresponding values for the CSA method are 1.12 and 0.22. It can be noticed that this model overestimates the capacity of the RC beams, while the capacity of PC beams is underestimated by over 50% in some cases. The Canadian Standard generally predicts the strength of the same beams more accurately, but it seems to overestimate the capacity of the RC beams with high amount of longitudinal reinforcement. On the whole, the method gives rea-sonable results for both the AFRP and the CFRP reinforced and prestressed beams. Therefore, the design strength of all the beams according to CSA S806 would be on the safe side, even if other relevant statistical variables were factored in (Fig. 1(a) ). While in the case of the Zhou's model some of the beam are on the unsafe side ( Fig. 1(b) ). 
Conclusions
The following main conclusions can be drawn from this study:
• The capacity of FRP reinforced and prestressed concrete members under combined action of flexure, shear and torsion can be accurately determined by using the proposed design provisions of the Canadian Standard CSA S806.
• With reference to the Canadian Standard, the mean value of the ratio of the experimental to theoretical strength ratio is 1.12, with a standard deviation of 0.22.
• The mean value of experimental to theoretical strength based ratio based on the space truss model is 0.95, with a standard deviation of 0.33. Furthermore, the method underestimates the strength of many beams, some by over 50%. Accordingly, this method requires further improvement before it can be used in design.
• Additional test data involving a wider range of shear, torsion and flexure ratios, in addition to the internal reinforcement amount and arrangement, are needed to fully validate the proposed CSA S806 method and its reliability.
